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Foreword 


This report presents the results of the fan aerodynamic and mechanical 
design performed by the General Electric Company for the National Aeronautics 
and Space Administration, Lewis Research Center, under Contract NAS3-20643. 
This work was performed as part of the Aircraft Energy Efficiency (ACEE) Pro- 
gram, Energy Efficient Engine (E3) Project. Mr. Carl C. Ciepiuch is the NASA 
Project Manager f;nd Mr. Lawrence E. Macioce is the NASA Assist, it Proiecc 
Manager. Mr. Roy D. Hager is the NASA Project Engineer responsible for man- 
aging the effort associated with the fan component design presented in this 
report. Mr. T.L. Hampton is the Manager of the Energy Efficient Engine Pro- 
ject for the General Electric Company. This report was prepared by Messrs. 
T.J. Sullivan, G.W. Luebering, and R.D . Gravitt of the General Electric Com- 
pany, Evendale, Ohio. 
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INTRODUCTION AND SUMMARY 


ihe detailed aerodynamic and mechanical design of the fan and quarter- 
stage configuration for the Energy Efficient Engine (E^) is described herein. 
The fan design was initiated following an extensive preliminary design study 
alternate fan conf igurations. The selected fan conf igurat ion (Figure 1) 
uses a quarter-stage booster to provide the required core supercharging. 

This design was chosen over a single-stage rotor with a higher tip speed and 
a more highly loaded hub due to its higher core— stream efficiency potential 
and an easier growth path for future engine development. The fan bypass 
stream also has a higher efficiency potential by reason of the lower fan 
speed. Additionally, the quarter-stage island arrangement provides an ex- 
cellent means for separating foreign objects from the core flow. The flowpath 
was made to be nearly optimum for the flight propulsion cycle, with some pro- 
visions to accommodate a potential growth application. The aerodynamic design 
point corresponds to the maximum climb power setting at Mach 0.80 and 35,000- 
feet altitude. 

The fan has an inlet radius ratio of 0.342 and a specific flow rate of 
^08 . 9 kg/s— m^ (42.8 lbm/sec— f t~) • The fan rotor has 32 medium aspect— ratio 
(AR) ticanium blades with a part-span shroud at 55% blade height. The design 
corrected fan tip speed is 411.5 tn/s (1350 ft/sec). The quarter-stage island 
splits the total fan flow sc that approximately 22% of the total flow is 
supercharged by the quarter— stage rotor. Downstream of the booster rotor, 
the flow is further split with 42% of the booster flow reentering the bypass 
duct and the remaining flow directed through the core duct into the 10-stage 
compressor. The total bypass ratio is 6.8. The core flow total— pressure 
ratio is 1.67 and the fan bypass total-pressure ratio is 1.65. 

The rotor structure features an aluminum nonstructural spinner with the 
latest ice-resistant configuration, a titanium high-bore ring disk for 
coupled blade-disk mode stiffness and internal fan-structure accessibility, 
a one-piece titanium quarter-stage spool, and a steel fan shaft arrangement 
that allows for disassembly of either the shaft, the entire fan rotor, or the 
fan module (rotor and stator) from the high pressure compressor forward face. 

The containment ring for the ICLS fan is a slave design consisting of a 
modified CF6 steel outercasing with bolted-in wooden flowpath panels. A 
steel slave integral vane-frame supports the casing and ultimately the rotor, 
through an attached bearing support cone and bearing. 

The axial spacing between the fan rotor trailing edge and the bypass 
cutlet guide vanes (which also serve as the fan frame structural members) is 
approximately 1.8 rotor-tip chords, made large in order to minimise fan noise 
generation . The bypass vane-frame airofiis are grouped into five different 
camber types positioned circumferentially to minimize the distortion of the 
tlow field, recognizing the presence of the pylon at the top of the engine. . 
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ICLS Fan Configuration. 




The airfoils and rotor structure have been designed for a service life 
of 36,000 missions with two stress cycles per mission. The fan structure is 
designed to be capable of sustaining stall events with no mechanical damage, 
and there are no coupled-mode resonances predicted in the operating-speed 
range between the rotor and fan case. All material-properties data in the 
fan design are based on average minus three standard deviations properties, 
including section size considerations. 


AERODYNAMIC DESIGN 

I. FLOWPATH AND VECTOR DIAGRAM DESIGN 


A. Aerodynamic Design Requirements and Growth Considerations 


The principal aerodynamic characteristics of the fan at three key oper- 
ating points are shown in Table I. The aerodynamic design point coincides 
with the maximum climb condition of the Flight Propulsion System (FPS) cycle. 
The selected flowpath is shown in Figure 2 with the pertinent aerodynamic de- 
sign parameters indicated. The fan tip diameter at the rotor inlet is 2.108 
meters (83 inches) and the inlet hub-to-tip radius ratio is 0.342. The fan 
operates at a design tip speed of 411.5 m/s (1350 ft/sec) with a specific 
flow rate of 208.9 kg/s-m^ (42.8 lbm/sec-ft^) of rotor inlet annulus area. 

A quarter stage, or booster, is added to increase the fan hub pressure ratio 
and help separate foreign objects from the core flow. The fan rotor has 
32 medium-aspect-ratio blades with a part-span shroud at 55% blade height 
based on tne stacking axis. The spinner cone half angle is 32°, and the 
slightly contoured fan hub approximately follows that angle. 


The total fan flow is split by the quarter-stage island with 22.3% of 
the flow passing under the island and supercharged by the quarter-stage rotor. 
Before entering the core duct, the flow is further split with approximately 
42% of the quarter-stage flow reentering the bypass stream. The flow that 
enters the core duct has a total-pressure ratio of 1.67. After 1.8% duct 
pressure loss is sustained, the flow enters the core compressor with a cor- 
rected airflow of 54.4 kg/s (120 lbm/sec). The airflow that passes over 
the upper surface of the island rejoins the flow that is spilled from the 
quarter stage to give an average total-pressure ratio of 1.65 at the bypass 
vane-frame exit plane. The total bypass ratio is 6.8 at the aerodynamic 
design point. 

3 

Since it is planned to ultimately provide for 20% growth of the E en- 
gine by increasing fan speed and quarter-stage aerodynamic loading, the 
growth fan aerodynamics were considered in a preliminary manner. Table II 
gives the growth fan requirements as they are currently foreseen. The core 
stream pressure ratio of 2.05 is substantially higher than the bypass-stream 
pressure ratio. The design of the fan for the FPS engine has taken into 
account seme design considerations that will allow easy adaptation of the 
fan to the growth configuration. In the FPS design, the hub radii through 
the quarter stage are slightly oversized to allow for growth. This intro- 
duces a slight weight penalty but without any performance penalty. Hence, 
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chis is thought to be a desirable compromise. It is intended that the bypass 
vane-frame and inner OGV and core duct hardware will remain the same for both 
engines. In the growth version, the quarter-stage island moves radially out- 
ward approximately 1.0 cm (0.4 in.) at the leading edge to accommodate the 
larger core flow and mates with the FPS vane-frame at the island trailing 
edge. The FPS engine casing and hub flowpaths remain the same for the growth 
engine. The total bypass ratio is reduced to 5.5 for the growth fan. The 
fan rotor and booster stator and rotor will necessarily be new airfoil designs. 

The total pressure ratio profile for the FPS fan is shown in Figure 3. 

The rotor exit profile as well as the stage exit profiles are shown. The 
booster rotor turns the tip-strong pressure coming out of the fan hub to the 
radially constant pressure ratio value of 1.683. In the growth fan. Figure 
4, the booster rotor is running approximately 11% faster and produces a sub- 
stantially higher pressure rise in the region of the flow which enters the 
core. The hub pressure is made significantly greater than the tip pressure 
in order to supercharge the core with a 2.05 pressure ratio. The tip pres— 
sure kept low in order to minimize the discontinuity of total pressure 
coming off the island trailing edge. Experience with similar designs has 
indicated that the resulting ring vortex sheet does not create downstream 
instabilities or unexpected losses. • The circulation gradient implied by 
the skewed total pressure profile at the rotor exit will set up substantial 
secondary flows. These have been estimated, and the mixing that they repre 
sent h .s also been estimated. It was concluded that the rotor blade could be 
satisfactorily designed for the growth conditions, taking account of the 
secondary flows, and producing the total-pressure profile shown in Figure 4. 

B. Design Point Calculation Procedure and Results 

C ircumf erential— average flow calculations were made at the FPS engine 
fan aerodvnamic design point, which coincides with the maximum climb cycle 
condition, using the General Electric Circumferential-Average Flow Determi- 
nation (CAFD) computer program. The calculation procedure of this program 
is described in Reference 1. Briefly, the flow solution is a radial equi- 
librium solution including the effects of streamline curvature together with 
axial gradients of blockage, enthalpy, and entropy. The velocity vector 
diagrams for the fan and quarter stage were calculated at numerous stream- 
lines from tip to hub throughout the entire flowpath. Calculation stations 
were used at the leading and trailing edges of each blade row and in the up- 
stream and downstream duct areas to ensure an accurate representation of the 
flow In addition to the leading and trailing edge stations, seven calcu- 
lation stations were located within the fan rotor blade and three within 
each of the other blade rows. Boundary layer displacement thicknesses on 
the flownath walls based on General Electric experience were used. At the 
internal’ blade calculation stations, the blockage due to the thickness of 
the blades or vanes was also included. Flowpath contours, loss coefficients, 
chordwise work distributions, and spanwise total-pressure distributions were 
specified; and aerodynamic loadings, velocity diagrams, and fluid properties 
were calculated for the fan and quarter-stage blade rows. 
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Figures 5 through 9 show the aerodynamic design Doint parameters. Figure 
5 is concerned with the fan rotor and displays the blade inlet and exit rela- 
tive Macn numbers and flow angles and the blade row total— loss coefficients 
and diffusion factors. The loss coefficients employed were based on General 
Electric correlations and experience. The FPS booster rotor loss coefficients 
are shown in Figure 6 along with the calculated diffusion factors. The booster 
rotor inlet and exit Mach numbers and flow angles are also shown in Figure 6. 
These figures show that booster rotor aerodynamic loading is light for the 
FPS engine, allowing (with an 11% blade speed increase) the booster pressure 
ratio to be increased substantially for the growth engine. 

The booster stator aerodynamic design parameters for the FPS configura- 
tion are shown in Figure 7. The inlet and exit Mach numbers and flow angles 
are shown along with the loss coefficients and diffusion factors. The swirl 
angle exiting the stator varies from 12° at the tip to 8° at hub; this was 
specified to give a good loading balance between this vane row and the inner 
OGV. Similar design point parameters for the inner OGV and bypass OGV are 
presented in Figures 8 and 9. 

The calculated vector diagram quantities are also tabulated in appendix 

II. AIRFOIL DESIGN 

A. Fan Rotor Blade 

3 

The aerodynamic design of the E fan rotor at. the maximum climb cycle 
condition included the definition of airfoil sections which are transonic in 
the outer region and subsonic near the hub. The fan rotor blade airfoil 
shapes were specifically tailored for each streamline section using General 
Electric's Streamsurf ace Blade Section computer program. In general, the 
•^Irfcils were shaped in an attempt to minimize shock losses since the inlet 
Mach numbers are supersonic for all streamlines above the quarter-stage island. 
Below the island streamline location, the Mach numbers range from 1.02 at 
78% flow value to 0.70 at the hub streamline. The airfoils on the hub stream- 
line were patterned after other advanced fan hub airfoil shapes that have 
she m excellent performance. The designs of the rotor blade sections were 
performed along 12 axisymnetric streamsurf aces with the surfaces viewed along 
a radial blade axis using the Streamsurf ace Blade Section program. The con- 
siderations which guide and influence the design of high transonic Mach number 
cascades such as the fan rotor are presented and discussed in References 1, 

2, and 3. 

The fan rotor incidence angles at the aerodynamic design point are ap- 
proximately 5 alx along the span. For sections which have supersonic inlet 
Mach numbers, the blade inlet region sets the amount of flow the cascade can 
pass, provided the throat area is not limiting. The blade suction surface 
upstream of the Mach wave which intersects the leading edge of the adjacent 
blade was offset a small amount from the "free-flow" streamline to account 
for the effects of leading edge thickness, bow wave losses, and boundarv 
layer buildup. The free-flow streamline is the direction of the flow if 
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there were no disturbances or blade forces but with the tlow confined to stay 
in the axi symmetric laminae generated by the CAFD full solution. Figure 10 
shows the location of the free-flow streamline for the tip streamline airfoil 
section. Figure 11 shows the streamline at the location of the part-span 
shroud and Figure 12 shows the rotor hub streamline airfoil section. Other 
information on Figures 10 through 12 will be discussed later. The difference 
between the average free-flow streamline angle and the average suction surface 
blade angle defines an average suction surface incidence angle; these values 
are approximately 0.5° at the tip and 2° to 3° in the hub region. These values 
were selected based on General Electric experience with similar designs. After 
establishing the suction surface of the airfoil for the outer portion of the 
blade in this manner, relativeJy little freedom remained for selecting the 
incidence angle, although there was some latitude in the selection of the 
meanline angle distribution from the leading edge to the first captured wave. 



In the extreme hub region (10% flow) where the inlet Mach numbers are 
less than 0.90, the leading and trailing edge blade angles plus the meanline 
angle distribution were selected with the aid of General Electric's Cascade 
Analysis by Streamline Curvature (CASC) computer program. This program is 
capable of calculating surface velocity distributions for subsonic inlet flow 
sections, although low-supersonic flow regions are allowed. To analyze the 
supersonic airfoil sections in the outer part of the fan blade, the program 
was still used, recognizing the fact that the solution was incorrect for the 
inlet supersonic portion of the airfoil. For these tip sections, however, 
the exit flow was well subsonic and the cascade analysis program was used to 
predict the exit flow angles. The exit flow angles predicted by the CASC 
program for all sections were related to the design exit air angles from the 
axisymmetric flow solution through an empirical adjustment factor. The radial 
distributions of this empirical factor were derived from data analyses of high 
speed fans for which the rotor geometry was somewhat similar to that of the 
fan, and also from calculations of secondary flow effects expected for 
this fan rotor. 


Figures 13 and 14 show the airfoil shape and the calculation-grid network 
and the resultant surface Mach number distribution for the hub streamline. 
Meanline angle distributions were adjusted to give velocity distributions of 
this tvpe, believed from experience to produce low losses. The hub streamline 
has an inlet relative Mach number of 0.70 and an exit Mach number of 0.75. 
Except for an initial diffusion that is small enough to avoid boundary layer 
distress, the suction surface Mach number is nearly constant. 


To avoid a choking condition, the passage throat areas for most fan 
blade sections were set such that the effective throat-to-capture area ratio 
exceeded the critical area ratio by approximately 5% after accounting for the 
loss due to one normal shock at the leading edge Mach number. Near the ex- 
treme ends of the blade, the throat margins were allowed to be slightly larger 
than this, resulting in 7.5% at the 0D and 8.8% at the ID. In order to ensure 
operation with an oblique leading edge shock which was desired at the maximum 
climb design point, the ratio of the contraction from the cascade mouth to the 
throat must not exceed the critical contraction ratio after sustaining one 
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Figure 13. Fan Rotor Hub Streamline Cascade 



Figure 14. Fan Rotor Hub Streamline Surface 
Mach Nt mber Distribution. 





normal shock loss at the mouth Mach number. The amount by which the passage 
throat area exceeds this limiting contraction ratio is referred to as starting 
margin. The amount of passage area contraction from the mouth to the throat 
for all rotor streamline is approximately 2% to 2.5%. The passage throat, 
mouth, and exit areas are indicated on Figures 10, 11, and 12 for streamline 
sections at the tip, shroud, and hub locations. 

The airfoil shape for each streamline section is dependent upon the 
chordwise thickness distribution and meanline blade angles. For the fan rotor, 
the level and radial distribution of the maximum thickness- to-chord ratio is 
primarily dependent upon mechanical and aeromechanical considerations. The 
chord, solidity, and tm/ c distributions in manufacturing planes are shown in 
Figures 15 and 16. The location of maximum thickness along the blade chord 
was specified at 59% chord at the tip streamline. Above the island, this lo- 
cation stays aft of 55% chord and then moves forward somewhat at lower radii 
toward the hub streamline where the maximum thickness occurs at 42% chord. In 
the part-span shroud region, the maximum thickness of the airfoil is at 58% 
chord. The part-span shroud, as previously mentioned, is positioned at 55% 
blade height. The axial position of a point on the shroud stacking axis is 
at 65% axial blade chord. The shroud leading edge is at 48% and trailing 
edge is at approximately 82% axial blade chord. It has a nearly elliptical 
thickness distribution with a maximum thickness of 0.89 centimeter (0.35 inch). 

The blade chordwise thickness varies from leading edge to the point of 
maximum thickness according to a quarter-sine wave curve and then reverses 
the distribution from the maximum thickness point to the trailing edge. This 
distribution holds for all streamlines down to the region just below the 
island. Here the airfoils are slightly thicker in the leading edge region 
than the quarter-sine distribution would imply. 

The geometric properties of the manufacturing plane blade sections are 
tabulated in Appendix B. 

B. Stator 1 


The design of the Stage 1 stator vanes was performed similar to the 
design of the fan rotor. That is, the vector diagrams were calculated along 
several streamlines at the leading and trailing edge stations as well as at 
a number of intrablade stations. Airfoil sections were defined for each 
streamline by specifying the thickness and meanline angle distributions. 

Each streamline cascade was then analyzed with the cascade analysis computer 
program. 

The Stator 1 vanes have a chordwise thickness distribution that varies 
from tip to hub. At the OD where the inlet Mach number is 0.73, a 65-Series 
thickness distribution was selected. At the ID where the inlet Mach number 
is 0.85, the thickness distribution is thinner in the leading edge region as 
it follows the first-quarter cycle of a sine wave to the maximum thickness 
location at 38% chord and then follows a 65-Series distribution to the trail- 
ing edge. A linear blend of these thickness distributions from the OD to the 
ID is used to define the intermediate airfoil sections. Slightly modified 
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circular-arc meanline angle distributions are employed for all streamline 
sections. The vanes have a constant chord of 8.10 cm (3.19 in.) and a maximum 
thickness-to-chord ratio that varies from 0.062 at the CD to 0.049 at me LI). 


The cas:ade analysis computer program was used as a guide in shaping the 
airfoil meat lines. Each streamline was analyzed to obtain a desirable inci- 
dence angle and surface velocity distribution. The cascade grid and resultant 
surface Mach number distributions for streamline sections at the tip and near 
the hub are shown in Figures 17 through 20. The deviation angles resulted 
from using the cascade analysis to predict the exit flow angles. These angles 
were then related to the design exit air angles of the CAFD solution through 
an empirical factor. 

, The incidence angles were specified slightly less than 1° for ill stream- 
lines except the hub. At the hub streamline, a 3° high inflow angle was in- 
tentionally specified to account for the higher swirl anticipated from the 
rotor hub due to secondary flow effects. 

With the passage throat area occurring at the mouth of the cascade, there 
is approximately 6% to 8% throat margin above the critical area ratio. 

The streamline airfoil sections were stacked at 50% chord and plane sec- 
tion cuts were made to define manufacturing sections. The geometric properties 
of these sections are tabulated in Appendix C. 

C . Quarter-Stage Rotor 

The quarter-stage rotor airfoils were specified similar to the other 
blade rows using the s tramline section and cascade analysis computer programs. 
Initially, the vector diagrams are defined for several streamlines at axial 
stations including the leading edge, trailing edge, and intrablade region. 

The rotor airfoil sections have a chordwise thickness distribution for 
all streamlines which is a quarter-sine wave from the leading edge to maximum 
thickness and then a 65-Series thickness distribution to the trailing edge. 

The meanline angle distribution for all streamlines is a modified circular 
arc. The maximum thickness-to-chord ratio varies from 0.049 at the tip to 
0.081 at the hub. There are 56 blades with an aspect ratio of 2.09. The 
blade chord is linear from 6.35 cm (2.50 in.) at the tip to 7.11 cm (2.80 in.) 
at the hub. The solidity is fairly low since the design point aerodynamic 
loading is quite moderate. The passage throat areas for all streamlines were 
set with approximately 5% to 6% throat margin. 

Cascade flow analyses were made for all streamline sections and the tip 
and hub results are presented in Figures 21 through 24. Figures 21 and 22 
show the cascade calculation grid and surface Mach number distributions for 
the tip streamline, respectively. Only a slight amount of turning is required 
at the tip and hence the low value of solidity. The Mach number distribution 
shows the suction surface value skirting just above Mach 1.0 near maximum 
thickness before diffusing to the trailing edge Mach 0.73. The pressure 
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Figure 22. Quarter— Stage Rotor Tip Streamline 
Surface Mach Number. 












surface Mach number remains nearly constant along the chord. In the hub region, 
where the blade must raise the low fan hub total-pressure to a 1.68 pressure 
ratio, a solidity of 1.2 and 32° of camber are required. Figures 23 and 24 
show the hub streamline cascade and Mach number distributions. Again, the 
peak suction surface Mach number is slightly larger than 1.0 but here the 
diffusion is delayed until the last 40^ of the chord. 

The deviation angles were again calculated using the CASC predicted exit 
flow angles. The empirical adjustment included a compensation for the secondary 
flow that results from the nonuniform loading of this blade row and its incoming 
free-stream absolute vorticity. 

The rotor blade streamline sections were stacked so that the plane section 
centers of gravity were aligned along the radial stacking axis. Plane section 
cuts defined the blade for the purpose of manufacturing. The blade geometry 
for these plane sections is tabulated in Appendix D. 

D. Inner OGV 

The inner outlet guide vane (OGV) blade row shown in Figure 25 was de- 
signed to remove the swirl received from the booster rotor and direct the flow 
into the core duct. To do this efficiently, the 64 vanes were swept aft and 
leaned with the pressure side facing the fan axis of rotation. The aerodynamic 
design of this blade row was performed using the procedure described in Ref- 
erence 4. This procedure consists of cutting the airfoil along streamlines 
and viewing the sections along the blade axis. The blade axis is a curved line 
in space, swept aft by 60° from a radial line and leaned circumferentially in 

an amount that varies from 0° (no lean) at the 0D to 20 at the ID. The 

stacking axis for viewing the cascade projection and for defining manufacturing 
sections is a straight line between the intersection of the blade axis with the 
0D flowpath and the intersection of the blade axis with the ID flowpath. The 
flow and airfoil meanline angles that are observed in this projection are re- 
ferred to as cascade angles. 

The sweep angle (60°) of the stacking axis was selected to be compatible 

with the shape of the flowpath in the region entering the core duct. The de- 

gree of lean was chosen primarily to control and minimize the level of Mach 
number in the hub region as the flew enters the core duct. At the entrance 
to the stator, the downward radial force on the flow imposed by the 20 of 
lean increases the static pressure, and thereby reduces the inlet Mach number. 
This eventuallv leads to a lower hub diffusion rate. The lean angle drops 
off sharply to’ 0° at the 0D in order to avoid an undesirable acute angle be- 
tween the vane suction surface and the outer flowpath. Even though there is 
no lean at the tip, the radial gradient of lean tends to increase the Mach 
numbers slightlv at the tip streamline. The reduced Mach numbers and aero- 
dynamic loadings in the hub, where the flow is the most sensitive because of 
the flowpath shape, makes the total lean effect favorable. 


The airfoil shapes were defined using the quarter-sine wave/65-Series 
thickness distribution described earlier. The 64 vanes have a chord varying 
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Figure 25. Inner Outlet Guide Vane. 
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from 5.44 cm (2.14 in.) at the OD to 9.25 cm (3.64 in.) at the ID. The maxi- 
mum thickness- to-chord ratio is 0.066 locally at the OD, decreasing to a 0.053 
value which is then held constant over the inner 50% of the span. 

Cascade flow analyses were made with the sections viewed looking down 
the leaned and swept axis. Figures 26 through 29 present the cascade projec- 
tion and surface Mach number distribution for the tip and hub streamlines. 

The inlet and exit Mach numbers used for calculation purposes and shown on 
these plots are the perpendicular components of the full Mach numbers that 
exist in planes perpendicular to the swept and leaned airfoil stacking axis. 
The surface Mach number plots indicate that most of the turning is accom- 
plished in the front portion of the cascade. The peak Mach number of both 
streamline sections shown, occurs on the suction surface at approximately 
30% of the chord. Uniform diffusion is carried out in the remaining cascade 
passage. 



End-effect adjustments to the camberline shape were calculated using 
the method of Reference 4, but were attenuated somewhat in application. 

The maximum adjustment at the tip streamline amounted to a camberline angle 
increase of 7.8°, occurring at 50% chord. At the hub, the adjustment was a 
camber line angle decrease of 4.7°, occurring at 40% chord. 

Airfoil section coordinates were defined on planes perpendicular to the 
swept and leaned stacking axis. A summary of the geometry for this vane is 
tabulated in Appendix E. 

E . Bypass OGV Vane-Frame 


The aerodynamic design of the bypass vane-frame was complicated by the 
presence of a pylon having a maximum thickness of 40.6 cm (16 in.) and located 
at the top of the engine (0°) just downstream of the vane trailing edges. In 
addition, the overall engine system design required the bottom (180°) vane or 
strut to be substantially thicker than the rest of the vanes to provide space 
for a radial drive shaft and accessory pipes. The presence of these bodies 
relative to the rotor and OGV planes, as shown schematically in Figure 30, 
sets up a nonaxisymmetric flow field which required circumferentially nonuni- 
form airfoil geometry to be defined using a special computer program analysis. 

Initially, the circumferential-average flow solution was carried out as 
usual. This flow solution recognizes the vane and pylon blockages and the 
island trailing edge static pressure match. Next, a two-dimensional stream 
surface analysis was employed to establish the magnitudes of static pressure 
and flow angle variations. This two-dimensional analysis was performed at 
the pitch streamline and the resulting circumferential distributions of pres- 
sure and flow angle are shown in Figures 31 and 32. The calculations show a 
significant circumferential variation at tbn OGV inlet and exit planes but 
essentially no distortion at the fan rotor exit plane. A coarse three-dimen- 
sional. finite-element analysis was then employed to establish the radial 
trend of the vane exit flow angles. This analysis was conducted using the 
five streamline sections: tip (T) , near-tip (P-T) , pitchline (P) , island (I), 
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Figure 29. Inner OGV Hub Streamline Surface Mach Number 
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and hub (H) . The three-dimensional program calculated the OGV exit flow 
angles which would be required to circumferentially shift the flow around die 
pylon and bottom strut bodies. The maximum circumferential variation of these 
angles was on either side of the pylon location where the calculated flow 
angles varied from +7° to -7°. At the horizontal locations, 90° and 270 ° 
clockwise aft looking forward, the calculated flow angles are approximately 
+3° and -3°, respectively. At the bottom of the engine (130°), the calculated 
flow angle is near zero. The vanes were then grouped into five sets, each of 
a different camber. With the inlet spacing between vanes held constant, the 
resulting vane geometry for sections near the tip (T) and near the island (1) 
at the top of the engine is shown in Figures 33 and 34. The position of the 
pylon relative to the vanes is also shown. In the bottom segment of the engine, 
the vanes adjacent to the thick strut and fairing are the nominal type vanes 
with the chords cut back to minimize the blockage in the passages. This con- 
figuration is shown schematically in Figure 35. 

Cascade flow analyses were made of airfoil sections with nominal vane 
passage area distributions and also the airofil types on either side of the 
upper pylon where the maximum and minimum cambers occur. The results of the 
surface Mach number calculations for the nominal vane passages are shown for 
streamlines at the tip (T) and the island upper (I) and lower (H-I) surfaces 
in Figures 36 through 38. A 3° high inflow angle was intentionally specified 
at the tip streamline to account for the higher swirl in the boundary layer 
flow adjacent to the casing. The Mach number distribution for this streamline 
is shown in Figure 36. The Mach number distributions at the (I) and (H-I) 
sections show opposite trends; this is a consequence of the need to match 
static pressures at the island trailing edge with the different total pres- j 

sures of the two streams. The circumferential-average solutions that dominate 
this effect are also shown. I 

The airfoil geometry for the five groups of vanes is tabulated in 
Appendix F. \ 

MECHANICAL DESIGN j 

III. FAN ROTOR DESIGN 

y 

Figure 39 shows a cross section of the fan design to be used in the 
integrated core/low speed (ICLS) test. The rotor features a 32-blade fan stage 
shrouded at 55% span, and a 56-blade booster stage for core supercharging. \ 

The reduced aspect ratio improves the fan blade’s ruggedness and the lowered j 

shroud position improves aerodynamic efficiency to offset the greater weight \ 

of the fan rotor. 

Included in the rotor mechanical features are the drop down dovetail j 

slot that permits individual blade replacement and an anticlank system that ■ 

prevents dovetail wear by limiting blade movement in the slot. Integrated j 

with the anticlank spring, the blade axial retention system prevents fore or j 

aft movement; the toal system is designed so there is no restriction on indi- i 

vidual blade replacement. 1 


J 
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Figure 36. OGV Mach Number Distribution, Section T 


40 











Surface Mach Number 







— 




ORIGINAL PAGE 19' 
OF POOR QUALITY 


The shafting arrangement connects the fan disk to the forward fan shaft 
and, through the support shaft, to the No. 1 thrust bearing. The remote con- 
nection of the bolted joint to the bearing permits the disk bearing and joint 
to be designed independently and has these advantages. 

• The design of the disk, bearing, and joint are more nearly optimized 
by not having to be compromised by one another 

• Oversizing the bearing or undersizing the flange would be required 
if the conventional flange under bearing configuration were used 

• The bolted joint can accommodate more and smaller size bolts for a 
lighter design and yet have sufficient torque driving capacity 

• With the smaller bearing and eccentric design of the disk, the two 
can be fitted more closely together to minimize fan overhang. 

With the flange of the fan shaft on the forward side of the joint, the 
shaft can be removed without disturbing the fan rotor thus allowing access to 
the interior of the engine and making possible modular disassembly of the 
engine. 

The conical shape of the spinner is resistant to ice buildup or damage 
from bird impact. The production spinner will be a one-piece structure di- 
rectly mounted to the fan disk. 

The Stage 1 stator inner shroud passes over the Stage 2 disk forward 
sealing element at buildup and thus permits the shroud to be a 360° continuous 
ring for greater stator stiffness and reduced wear. 
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The full-scale fan test vehicle (Figure 40) has all of the mechanical I 

design features of the ICLS fan rotor except the connecting shafting which has \ 

been modified to conform to facility requirements. | 

A. Design Loads and Limits | 

The mechanical loads and limits to which the fan rotor is designed are j 

defined in the technical requirements and are supplemented by GE design 1 

practices. Loads are given in cycle cases covering the aero design point and J 

maximum rotor speed (Table III). The fan test vehicle and the ICLS engine a 

hardware are designed to meet FPS conditions in the airfoils and growth case J 

conditions in the supporting structure. Should it be required to demonstrate j 

growth conditions, only the airfoils would require modification. Aerodynamic j 

input to the blading design is shown in Table IV. \ 

Design stresses are limited to minus 3 sigma deviations from average 1 

material properties for elastic conditions. In high cycle fatigue, the ; 

Goodman diagram indicates an allowable vibratory stress for infinite life. ■ 

Low cycle fatigue stress levels are based on 36,000 aircraft missions with 
two stress cycles per mission for a total of 72,000 stress cycles. The disks 
must show a residual life of 6000 cycles with a 0.01 x 0.03-inch defect. 
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FPS 


Growth 


Flowrath and Clearance Calculation 

• Cycle Case No. 41 

Altitude 10,668 m (35,000 ft) 

Mo 0.80 

A T 0 +10° C (+18° F) 

Racing Max Climb 

Fan Physical Speed 3539 rpm 

Maximum Stress Calculation 

• Cycle Case No. 72 

Altitude 5791 m (19,000 ft) 


Mo 0.30 

A T 0 +15° C (+27° F) 

Rating Takeoff 

Fan Physical Speed 3611 rpm 

(at 1.2% Overspeed) (3653 rpm) 


10,668 m (35,000 ft) 
0.80 

+10° C (+18° F) 

Max Climb 
3939 rpm 


5791 m (19,000 ft) 
0.30 

+15° C (+27° F) 
Takeoff 
4079 rpm 
(4126 rpm) 
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Table IV. Fan Design - Aerodynamic Parameters 












U 








a> 







O 

CO 







0) 








CO 

XJ 







— -v. 

H 







•u 








U-i 

O 








<—4 







O 

• 






• 

• 







G 

o 








lO 

sr 







m 







o 

r-H 

Sw* 






• 








m 


a 






oo 

a 

0) 






w- 

<u 

W 







CO 







B 


00 






o 

s 







QO 

to 

r-* 

CN 

p- 

o 

un 



• 

• 

<r 

ON 

un 

r**. 


o 


cn 

m 

m 

X) 



r— » 


<r 

• 

♦ 

• 

• 

CM 

CM 

“4* 

vD 

o 

CM 

r-t 















Fan rotor improved durability and ruggedness, and reduction of maintenance 
were design goals established for the fan rotor. These were to be accomplished 
by incorporating in the rotor design the following features for greater mechan- 
ical reliability* 


• Improved vibratory characteristics 


- 15% vibratory margin over 2/rev at maximum rotor speed 

Improved rotor stiffness to maintain frequency margins in the 
coupled disk/blade modes 

- Blade attachments stronger than airfoils in the lower vibratory 
modes. 


• Improved mechanical characteristics 

- Good bird strike capability 

- Low dovetail stress for improved life 

- Design dovetail posts to withstand blade loss without further 
failure 

- Anticlank system to prevent dovetail wear 

Improved torque transmitting capability of the disk/shaft bolted 
joint. 

• Improved system characteristics of the fan rotor 

Reduce rotor overhang to minimize unbalance moment 
Configure shafting to allow modular disassembly of the engine. 

Materials 



Table V lists the materials selected for the fan test and ICLS rotors; 

4340 sceel was selected for the forward fan shaft demonstrator because of the 
unavailability at this time of the primary shaft material (MARAGE 250). 

Tradeoff studies may show greater advantages in a higher strength titanium in 
the growth version of the rotor in terms of weight savings and improved fatigue 
life. 


Fan Blade Design 


Figure 41a and 41b illustrate configuration parameters of the fan blade 
design. In Figure 41a, the effect of shroud placement can be seen having 
its effect on the thickness distribution in the blade. The midspan thickening 
was necessary to obtain flexural frequency margin over 2/rev excitation. The 
weight penalty associated with the thicker blade and loner shroud is counter- 
balanced bv improved blade efficiency and better resistance to birdstrike. 
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Fan Blades 

Titanium 6A1-4V 

Fan Disk. 

Titanium 6A1-4V 

Spinner 

7075 Aluminum 

Spinner Cover 

7075 Aluminum 

Anticlank Spring 

Titanium 6A1-4V 

Blade Retention Key 

Inco 718 

Booster Spool 

Titanium 6A1-4V 

Booster Blade 

Titanium 6A1-4V 

Fan Shaft 5 /8-inch Bolts 

Inco 718 

Forward Fan Shaft 

4340 Stainless Steel 




Chord Length, Inches 


original page is 
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Figure 41. Fan Blade Geometry. 
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Figure 42 shows the contour plots of blade surface effec 1 * ' . 

steadv state conditions derived from the finite element (TAMP-MASS) atialvsi*. 
These' values were in reasonably good igreement with the Twisted Blade (bea. ) 
Results! Untwist of the blade (showr. l« Figure 43) was calculated by TA.MP-MASS 

and was e^lade sh^fthe' str^^ ato^nd 

the r root 8 of°the blade at the. platform as derived from the Twisted Blade program 
using scaled CF6 end effects. The stress levels shown in Figures 42 and 44 
allow adequate high cycle fatigue capability and are well under 
low cycle fatigue stress. These stress levels and distribution will be 
fied by test as hardware becomes available. 

Figure 45 shows the Campbell diagram for the fan blade with the first 
three modes plotted. The spread of frequencies at each mode indicates the 
frequency range between the lowest 41.lt/bUd. conblned frequency and the 
highest or fixed blade out-of-phase frequency. In first flex, the q y 
margin between the lowest in-phase frequency and 2/rev is 14.6/. which mee 
the S design goal of providing adequate frequency margin at maximum speed. I 
Edition the first flex crossing of other per rev lines occurs at low enough 
2* £ out of the operating tenge, or precludes a sign! leant response. 
.T.F f „ b i a de is stall protected from torsional instability at all operating 
£ ed“ “^dat^rl a similar hlade and P— ^“fl 
the fan blade platform cornet frequency was calculated to be well above 

stator passing frequency. 

Figure 46 presents a summary of geometry and stress and deflection data 
on the fan blade shroud. Bending stresses at the shroud fillet are approxi- 
ZtZ 46.9 kN/ cm^ (68 ksi) aa obtained by the TAMP-MASS finite element 
““.L Shroud tip deflections calculated by this program were used to 

~e con r t°ac d t 

checked to ensure It would not be along the contact face of the shroud. 

Figure 47 shows a cross section of the fan blade and disk at the dove- 

tfSsgffiKS SSSirS-JSH 

r«h r of 8 the slot 1 that is required to drop the blade, clearing the shroud in- 
to take play out of the disk/blade interface. 
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Figure 43. Fan Rotor Blade Untwist. 




Resultant Stress, kN/cm 
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Resultant Stress, ksi 


Fan Speed, rpm 


Figure 45. Fan Blade System and Fixed Blade 
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Figure 48. Fan Blade Dovetail c.nd Disk Post Stresses. 


Stress, 1000 psi 



Blade Goodman Diagram. 








for the primary vibratory modes. If it is assumed that the airfoil is ,per- 
s-aW ^ maximum vibratory limit (upper curve and points), then the 
Hoier reSultln S / attachment loads should be below their allowable limits 
(lower curves and associated points). Different property level curves in 
igure ^ 9 have to do with property reduction due to forging size. 

advancid U CF6 5 50 i ?, an h!' n a iCa,: A r ° f birdstrike capability as compared to the 
, d CF6 30 fan blade - A measure of resistance to damage is the calcu- 
at d shear stress m the blade resulting from a strike. The dashed curve 
is . e ratio of E calculated shear stress compared to CF6-50 shear stress 

thirthe CF5 6 50 blL^h F ° r COmpa f SOn ’ Che X P° ints indicate test strikes 
h h CF r 0 ^f de , has successf nlly Withstood. Aft positioning of the 

and F3 S i- r ° U h a " 65 u ° f chord ^ ls one of the measures employed by the CF6 
and E J to enhance birdstrike capability. 

The Fl8ure . 51 Sh °Y S a ? exploded view of ^e blade retention/anticlank svstem 
-he system is completely interlocking so that all pieces are held by each 

other, with the complete assembly finally secured bv a bolt. The sequence of 
assembly is as follows: the blade is inserted in the slot and held outward 

and 1 the r preSSUr ® faces; che sprin S is inserted under the blade 
and the retainer pins into their slots; the spring is depressed- and the kev 

bv S a r bolr t rh main i ai !I the SPring l0ad> and the Wh ° le ass ^bly is held in place 
tainer il bhr ° u ? h the spring and into the key. Radial movement of the re- 
S . restricCed b y notches engaging the key; axial movement of the 
XVl X is prevented by the retainer pins engaging notches in the spring 
The strength of the retention system is based on birdstrike induced inter! 
action with the casing of a level derived from past experience. Forward 
plane balance weights may be added under the retention bolts. 

D . Booster Blade Desig n 

hnnc f Fi§ M e , 52 ^ 3nd 52b illustrate c he configuration parameters of the final 
booster biade design. The tm/c plot in Figure 52a shows the result of 

thickening the blade tip to avoid stripe mode coincidence with a starter 

lirM^r re ^ UenCy * The blade is approximately constant chord with relatively 
little twist or camber reflecting the low work level designed into this stage. 

Airfoil stresses and frequencies were calculated bv the TAMP-MASS finite 
element program. Steady state stresses are shown on Figure 53 and are seen 
o e very low. Scaling or end effects data from a similar CF6 blade and 

in Ficure t 5' the M TW1Sted pr ° 8ram yielded Che airfoil root stresses shown 

n F ioUre 5*+. Maximum stress is on the convex side of the airfoil root and is 

less than 30 k.l The Campbell diagram in Figure 55 shows the calc^aLd Jre- 
quencies o t e blade and indicates adequate margin between first flex and two 
per rev, and between 60/rev (stator passing) and the two stripe blade mSe. 

Figure 36 gives dovetail geometry and shows the low level of stresses 

^hree e i Ve ^ a ! A G °° dman dia 8 ram to r the booster blade and dovetail for the 
three lowest vibratory modes (Figure 57), shows that the blade attachment is 
stronger than the airfoil for a given level of airfoil vibratorv stress 
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blade is stall protected against instability in the torsional mode. Balance 
weights inserted in the booster stage dovetail slot constitute the art 

balance plane. 

E. Rotor Structure Analysis 

The rotor structure was analysed using the CLASS/MASS thin shell portion 

of the rotor in combination with AFINE for the analysis of the thrck shell 

Staee 1 and 2 disks. The model breakdown is shown in Figure 08 . Radial loans 
and moments due to the blade stages were input at the disk rims and restraints 
imposed bv the bearings input on the shafting. Rotor deflections f rom ‘his 
model were used to establish blade lengths for proper clearance and cold 10 
ponent dimensioning; under operating conditions then, the correct aerodyna 
f lowpath will be established. 

Fieure 59 shows in detail the AFINE model used to analyze the disk with 

the configuration has been carefully contoured to avoid high bending stress 
bv attenuating the disk deflections over several inches of shaft length. To 
mLfmcst effLlent use of the material available, the disk cross section was 
:fdt SUSSJSl. Blade loading, because of the d* 

the disk, the restraint of the «n tr 

shaft induces a moment load in the same direction. Positioning the 

to permit closer spacing of the fan centerline to the bearing. 

Figure 60 shows the analytical model of the second stage disk and spacer 
and the associated stresses and deflections. All ate well within the accept- 
, , . . . T rhe di s k the bore projection was positioned to counteract 

disk out of the fan operating range. 

The disk/ forward fan shaft bolted joint is shown in Figure 61. The joint 
... * i,? ' 5/ 3 - inch bolts preloaded sufficiently to transmit fan torque 

SSr3 rib as ^ a- 

bolt holes, using f .^ T . nilo T^ht fittine bolts prevent shifting 

and still transmit the required torque. Tignt ncting y 

of the joint and minimize bending of the bolt. 

Table VI is the weight breakdown of the FPS fan rotor. 
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Fan Blades 


232.7 


513 


Fan Disk 

137.4 

303 


Booster Blade 

15.9 

35 


Booster Disk 

42.2 

93 


Spinner 

8.6 

19 


Disk Seal 

2.7 

6 


Retention and Anticlank System 

7.7 

17 


Forward Fan Shaft 

34.5 

76 


Hardware 

14.5 

32 



Total 


496.2 


1094 







IV. FAN STATOR DESIGN 


The mechanical design of the E 3 fan stator includes the design of the fan 
rrame, the stator vanes, and the casing/containment structure. 

Two different fan frame configurations will be developed in the E 3 Fan 

=° nf *? uration wil1 be utilized for the Full-Scale Fan Component 
lest (FSFT, and will remain m the fan module for the ICLS turbofan test. The 
ot er configuration will represent the conceptual design proposed for the Flight 
Propulsion System (FPS). All frame configurations will incorporate an integral 
vane frame design in which the outer bypass vanes provide both an aerodvnamic 
and structural function. The integral vane frame design will feature five dif- 
ferent bypass vane configurations in the vane row to correct for circumferential 
flow distortions that will be caused by the 12 o'clock engine pylon structure. 
The frame configuration for the FSFT will mount at the bypass case directlv to 
the test facility hardware. Consequently, no engine mounts or hardware for 
nacelle attachment will be required. Although no radial driveshaft is required 
for the FSFT, provisions for the driveshaft will be incorporated to reduce the 
disassembly and rework required to prepare the frame for the ICLS engine test. 

For the turbofan engine test (ICLS), the fan frame will provide the for- 
ward engine mount locations on the core frame, hardware for the nacelle inner 
and outer cowl attachment, and a means to include a radial driveshaft to a fan 
mounted gearbox. The radial driveshaft will be added in the plane of the by- 
pass vanes by modifying the 6 o'clock vane and one vane to either side. 

The fan frame design for the FPS is a study only with no hardware re- 
quirements. The FPS frame configuration will feature an integral vane frame 
aerodynamically the same in the bypass as the frame for the FSFT, but the 
bypass vanes will be a composite design instead of the metal vanes used in 
the rSFT and iCLS. Additionally, the FPS design will feature an advanced 
composite containment design based on work being done under a NASA contract 
to develop advanced composite containment concepts and work done by the U.S. 

Army on lightweight armor. 

The design of the core frame and bypass vane assembly is complete. The 
core frame is a welded assembly of the eight finish machined struts to fin- 
ished flowpath rings which are then final machined at the outer and inner 
flanges and rabbets. The bypass vanes are individual pieces that bolt to the 
core frame at their ID and bolt to an outer bvpass casing at their OD The 
stator vanes and hardware for the Stator 1 and core OGV assemblies have been 
designed as have been the midcase and fan containment case. The containment 

case design is now a modification to a CF6-50 steel case in order to hold down 
costs. 


A. Fan Stator Configurations 

The fan stator configuration (midcase and containment case not shown) 
that will be used for the FSFT and the ICLS engine test is shown in Figure 62. 
The solid 1/-4 PH steel bypass OGV’s and core struts are nonflight-type 
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designs but the Stator 1 and core OGV vane assemblies are representative^ or 
flight type hardware. Lightweight 7075 Al will be used for the core OGV s 
and 6061 Al for the inner and outer shrouds. In the Stator 1 assembly, the 
flow splitter casing is aluminum with the vanes 403SS (proposed Ti 6—4 for 
the FPS design) for cost reasons and the inner and outer fairings are steel 
for FOD protection during the development tests. 

The proposed FPS fan stator configuration is shown in Figure 63. This 
design integrates the fan bypass outer flowpath, the nacelle outer flowpath, 
and the bypass OGV's as a single structure. The main structure of the casing 
is a sandwich structure (with graphite/epoxy facings) which forms the outer 
flowpath of the nacelle. The inner flowpath of the casing is formed by the 
acoustic treatment and supporting structure. The bypass vanes are formed 
by graphite/epoxy skins which are bonded to the radial spokes extending from 
the inner and outer structural wheel rims. The metal core frame is envisioned 
as a one-piece aluminum casting r'.th the core struts internally stiffened to 
support the bypass vane /outer casing assembly and the bearing cone loads. 

This approach is based on technology currently in place on the production TF34 
frame. The E3 core frame will be about twice the diameter but of the same 
order of casting complexity as the TF34 cast frame. The Stage 1 vanes are 
shown as Ti 6-4 material for the FPS design as discussed in the ICLS fan 
stator description. 

A cross section of the core frame is shown in Figure 64 with the service 
reauirements for the eight-strut structure listed. The core struts at the 
+45° location from top vertical will provide attachment points for the forward 
engine mounts. Seal pressurization air will be provided by air scoops located 
in the core struts as illustrated in Figure 65. A detail of the bottom core 
strut is shown in Figure 66 with the direction of the radial driveshaft de- 
picted. Figure 67 shows the proposed modification to the bottom vertical by- 
pass vane and adjacent vanes to incorporate the radial driveshaft to the fan 
mounted gearbox. A fairing is shown around the shaft to provide a smooth 
transition to the bypass vane airfoil surfaces and to house the service lines. 

One of the ICLS engine fire prevention and fire containment requirements 
includes the cavity space between the core engine and the fan bypass duct. 

The current plan to satisfy this requirement is through the method shown in 
Figure 68. The fan frame will supply a flange to wnich the core cowl seal 
support can be attached. As is shown, the core cowl door will provide three 
scoops around the circumference to gather the purge air which will be directed 
to the core cavity through holes in the seal support. 

B . Fan Frame Analysis 

A great deal of analysis has been performed on the fan frame not only for 
the FPS design but also for the FSFT and ICLS frame designs as well. The slave 
frame designs for the FSFT/ICLS are studied to ensure compatibility with the 
other engine components based on static deflection and engine dynamics criteria 
Frame flexibility studies have been completed on the preliminary flight frame 
(FPS) design and the slave frame (FSFT/ICLS) design. Engine mount position 
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and ovalization studies have also been completed on the FPS design to optimize 
the effect of the forward engine mount on compressor clearances. Analvses are 
currently in process on the slave frame to cover critical load conditions such 
as blade-out and rotor seizure. The normal load design analysis has been com- 
pleted on the FSFT/ICLS (slave) frame design with the bolted flange analysis 
to be completed. The final design of the FPS frame is currently scheduled for 
the late-1980 to mid-1981 time period. The FPS configuration will be optimized 
relative to frame flexibilities, operating deflections, stresses, and weight. 
The basic design requirements for the FSFT/ICLS fan stator module are 

• Represent, where possible, the FPS structure 

t Provide adequate stiffness to minimize deflections to satisfy engine 
system dynamics 

• Provide design flexibility for acoustic requirements. 

Figure 69 illustrates the analytical computer model of the frame. The 
model incorporates the core frame and bypass vane structural elements as 
well as the stator assemblies and the outer bypass case. This model was 
used to determine frame stiffness values for engine system response calcu- 
lations and to evaluate the frame deflections under various loading con- 
ditions. Figures 70 and 71 illustrate the frame stiffness values for shear 
and overturning moment loading that have been established from the prelimi- 
nary FPS frame studies and the current FSFT/ICLS analysis and how these values 
effect the engine system response. The stiffness comparison chart shows the 
difference between the possible extremes for an FPS frame design utilizing 
different materials. The FPS-SOFT values represent an all aluminum structure 
whereas the FPS-STIFF values represent an all steel structure. The comparison 
shows the solid steel ICLS frame design to be significantly stiffer than the 
FPS frames, particularly in the bypass portion of the structure. Figure 71 
shows the fan frequency response and the >Jo. 1 bearing load variation with a 
given fan unbalance. The figure shows the critical frequency for each frame 
design to be outside the maximum operating speed of the fan. 

Figure 72 shows the temperature distribution through the fan for the 
operating conditions applicable to the FSFT and the ICLS engine aero design 
point. Axial deflections at critical locations on the frame assembly are 
given in Figure 73 for loading and frame mounting conditions consistent with 
the FSFT and ICLS engine test requirements. These deflections are used to 
establish rotor/ stator clearances. 

C . Stator Vane Mechanical Design 

A detail of the Stage 1 stator and core OGV assemblies is shown in 
Figure 74. Porous Teflon will be utilized at the booster rotor rub tip sur- 
face and the rotor seal rub surfaces due to its excellent material properties 
and potentially lower cost. The Stator 1 vanes are individual vanes assembled 
radially through loading slots into the 360° inner shroud. This assembly 
bolts to the 360° cantilevered island casing supported at the bypass vane 
leading edge. A 360° outer fairing which bolts radially into the island 
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Figure 69. Fan Frame MASS Analytical Model. 
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Figure 72. Fan Temperature Distribution 
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Figure 73. FSFT/ICLS Fan Axial Deflections. 
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Figure 74. Fan Stator Materials. 
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casing attaches to the vane to provide additional support and form the Island 
upper flowpath. The core OGV's are also individual vanes which assemble axially 
through loading slots into the 360° inner shroud. This assembly bolts to the 
core frame at the inner shroud with a 360° outer fairing bolting to the vane 
outer platform and providing the core flow splitter upper flowpath. 

Table VII provides a geometry summary for the fan stator vanes. Figures 
75 and 76 show the nonlinear tm/c distributions for the Stator 1 vane and 
core OGV designs which are representative of the proposed FPS designs. The 
bypass vane distribution is not shown since the design for FSFT/ICLS is a 
solid steel vane not representative of the hollow composite concept proposed 
for the FPS design. Figure 77, 78, and 79 represent the finite element ana- 
lytical models used in the steady state and vibratory analysis of the fan 
stator vanes. Figures 80, 81, and 82 are the Campbell diagrams for the vanes. 

The vane frequencies are shown relative to potential fan 1 Lade and 
booster blade excitations through the fan speed range. The maximum physical 
fan speed is shown for both the FPS baseline and proposed growth engine cycles. 
The vane designs for the FSFT/ICLS tests are relative to the baseline fan 
speed only with the growth engine cycle speed shown for reference. A differ- 
ent vane geometry will be required for a growth engine cycle and will change 
the vibratory characteristics of the vanes. Therefore, designing the FSFT/ 

ICLS vane geometries to the growth cycle would be an unrealistic requirement. 

The diagram for the bypass vane shows the predicted two-stripe (2S) fre- 
quency intersecting the 32/rev excitation line near top speed. This is a 
result of the slave solid vane design representing the desired aerodynamic 
conf iguration. The hollow composite vane design proposed for the flight-type 
design (FPS) will result in a higher two-stripe frequency that can be tuned 
to avoid vibratory excitation sources. It is felt that the bypass vanes are 
sufficiently downstream from the fan blade excitation and have sufficient 
structural section (solid steel) such that the two-stripe mode resonance 
should not present any problems during the component (FSFT) or engine (ICLS) 
testing. 

The Stage l vane Campbell diagram shows adequate margin at maximum 
speed between the vibratory modes through tvo-stripe and the fan blade exci- 
tation sources, including twice fan blade passing. The core OGV diagram shows 
a similar distribution of vibratory modes as for Stator 1 with no resonances 
at maximum speed through the two-stripe mode. The proximity of the fundamental 
bending and torsion modes makes separating the modes and maintaining adequate 
margin over fan blade 32/rev and 64/rev excitation frequencies difficult without 
a major geometry change to the vane which could reduce the aerodynamic 
perf ormance . 


The major excitation source for the core OGV should be the booster rotor 
56/ rev with the current vane design exhibiting only lower speed resonance. 

The fan blade once and twice blade passing per rev is marginally close to the 
vane IT and 2T modes. But for the reasons mentioned, the vane will be fabri- 
cated and bench tested to determine the exact frequency response before any 
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Figure 77. Bypass Vane, SAP-4 Analytical Model. 
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56/Rev (Booster Rotor) 



Campbell Diagram. 





The vane airfoil designs have more thar. adequate incidence angle margin 
with flexural and torsional instability boundaries. 

Table VIII illustrates the vane steady state stress. The table shows 
the vane designs to be low steady state or mean stressed which improves the 
vibratory fatigue stress allowable. All the vane designs will be bench tested 
to determine the actual vibratory strain distribution for each vane frequency 
and then instrumented for safety monitoring during the component and engine 
tests. The instrumentation monitoring provides a means of limiting the vane 
vibratory stress based upon the material allowable to reduce the chance of 
fatigue failure during testing. 

The design of the fan frame and stator assemblies is complete except for 
the analysis of the modified bypass vanes that are required for the ICLS con- 
figuration. The detail drawings for all the vanes and struts have been issued 
and fabrication has been initiated. The hardware for the Stage 1 and core OGV 
stator assemblies (shrouds, fairings, etc.) is also on order. 

Figures 83 and 84 show the fastener selection for the stator assemblies 
and for the core frame and bypass vane assembly. 

D. FSFT and ICLS Fan Casing/Containment Design 

Due to fabrication costs, the FSFT and the ICLS engine test will utilize 
a slave containment system design instead of the advanced composite contain- 
ment design proposed for the FPS configuration. The containment system as 
well as the boilerplate aluminum midcase will provide for both hardwall and 
acoustic panels required for performance and acoustic testing. The proposed 
design of the fan frame for the FPS features an integrated nacelle/fan bypass 
structure which supports the inlet and eliminates inlet loads being carried 
through the containment structure to the frame. Figure 85 illustrates the 
advanced composite containment system based on work done under NASA contracts 
for "Containment of Composite Blades" and 1 Development of Advanced Lightweight 
Containment Systems." The design features a structural inner steel shell 
which should provide a good bearing surface for the fan blades during large 
rotor excursions during unbalance, etc. and should stop small fragments 
without major damage. The actual containment system utilizes a honeycomb 
nesting area backed by the dry Kevlar cloth with a composite cover. The 
honeycomb nesting also provides stiffness to the structure to prevent fan 
rotor/casing interaction. Figure 86 shows the interaction frequency curve 
for the FPS design relative to a CF6-50 engine test. The figure shows the 
intersection of the fan casing traveling waves and the fan rotor traveling 
waves bevond both the FPS baseline and growth fan speeds which should ensure 
safe operation during testing. Figure 87 shows the containment angles proposed 
for the FPS design based upon CF6 commercial engine containment experience. 

The calculation for the E of the blade kinetic energy that has to be 
contained results in the thickness of the dry Kevlar cloth required. This 
relationship of kinetic energy to Kevlar thickness is based on data derived 
from the whirligig testing of the NASA containment programs previously mentioned. 
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Table VIII. Vibratory Stress Limits for ICLS Fan Frame Vanes. 





Bypass 

Vanes 

Stage 1 

Core 0GV 

Material 

17-4 PH 

403 SS 

7075 - T73 A1 

Maximum Design 
Steady State 
Stress, MN/m2 (ksi) 

20.7 (3) 

?03 (29.4) 

22.1 (3.2) 

Design Margin 
Alternating Stress 
For 10 7 Cycles, percent 

200 

30 

150 

Temperature of Maximum 
Allowable Stress, ® C (° F) 

121 (250) 

121 (250) 

93 (200) 
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Rotor/Casing Interaction. 
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A preliminary calculation of the FPS containment case flange loads based on a 
fan blade-out condition shows the flange stress under an ultimate load con- 
dition to be within the material capabilities of the 304L steel casing. 

As previously mentioned, a slave containment system design will be uti- 
lized for the FSFT and the ICLS engine test. Figure 8£ shows the low cost 
modification of a CF6-50 production steel case proposed as the containment 
system. An aluminum shell will be bolted on the forward end for support of 
the hardwall and acoustic panels forward of the fan and a steel shell will be 
welded to the aft end of the CF6-50 case for attachment to the midcase. Shown 
in phantom are stiffener rings that can be attached to the production case to 
provide sufficient interaction frequency margin as explained earlier. 

Figure 86 shows the casing interaction frequencies from a bench test of a 
CF6-50 case and illustrates that the margin above the E 3 fan operating range 
should be adequate. 

Figure 89 shows the assembly of the outer midcase and containment case 
for the ICLS configuration to the fan frame slave outer casing. 

E. FPS Fan Frame Weight Status 

The E 3 FPS fan frame weight status is summarized below. This weight 
status will be updated as the FPS frame detailed study, scheduled to initiate 


in late 

1980, progresses. 

_kg_ 

lbs 

• 

Bypass vane-frame 

257 

566 

• 

Core frame 

129 

284 

• 

Core stators /assembly 

79 

175 

• 

Containment 

196 

432 



661 

1457 
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Figure 89. FSFT and ICLS Fan Casings. 
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LIST OF SYMBOLS AND NOMENCLATURE 


Symbol 

AR 

C 

DFACT or 
D-Factor 


d 

i or INC 

IGV 

ID 

M 

N 

S V 

OD 

OGV 

P 


Description 


Aspect Ratio 


Blade height at stacking axis 
Chord at 50% ht. 


Blade Chord 
Diffusion Factor: 

“rotor - 1 - < v Y v V + <S v e, - r l v e 1 )/(2 r 0 ’ 
“stator ’ 1 - <YV + < r l V 9 1 - r 2 v 9 ^ / <2 J 0 ' 


Diameter 
Incidence Angle 
Inlet Guide Vane 
Inner Diameter 
Mach Number 
Engine Speed 
Number of Blades 
Number of Vanes 
Outer Diameter 
Outlet Guide Vane 
Static Pressure 


P/P 

P T 

PSI (40 
R or r 
rpm 

Rl, R2 
r or RBAR 
SA 

Si, S2IN 
SL 


Total Pressure Ratio 
Total Pressure 

Percent Flow Stream Function 
Radius 

Revolutions per Minute 
Rotor 1, Rotor 2, respectively 
Mean Radius 
Stacking Axis 

Stator 1, Stator 2, Respectively 
Streamline 


Units 


cm (in*) 



m (ft) 
degrees 

rpm 

Kilo-Pascals 

(psia) 

Kilo-Pascals 

(psia) 

cm ( in . ) 
cm ( in . ) 
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LIST OF SYMBOLS AND- NOMENCLATURE (Continued) 


Symbol 

Stall Margin 

(%) 


T 

TMC or tm/c 

t 

U 

V 

w 

WB 

Z 

3 

6* 

Y 

5 

5 ° (DEV) 

e 


a 

y (psi) 
i> (phi) 
n (eta) 
Z or WB 


Description 




stall 


•W 


P/P 

w 


operating line 


100 


operating line 


Temperature 

Maximum Thickness-to-Chord Ratio 
Thickness (Blade) 

Rotor Speed 

Velocity 

Airflow 

Total Pressure Loss Coefficient 

Axial Distance 

Flow Angle 

Metal Angle 

Specific Heat Ratio 

Pressure Correction (P /1.0133 x 10^ N/m^) 
Deviation Angle 

Temperature Correction (T /288*15 K) 

T 1 

Solidity 

Percent Flow Streamf unction 
Slope of Meridional Streamline 
Efficiency 

Total Pressure Loss Coefficient: 


Units 


K (° R) 

cm ( in . ) 
m/sec (ft/sec) 
tn/sec (ft/sec) 
kg/sec (Ibm/sec) 

cm 

degrees 

degrees 


degrees 


degrees 



1 


Rotor u) 


Stator .a 
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3 

a 



r 

l 


Subscripts 

adia 

poly 

1 or LE 

2 or TE 
Sta 

m or max 

r 

T 

TH 

Z 

9 (Theta) 


LIST OF SYMBOLS AND NOMENCLATURE (Concluded) 

Superscripts 


0 


Adiabatic 
Polytropic 
Leading Edge 
Trailing Edge 
Blade Row Station 
Maximum 

Radial Direction 
Total Condition 
Throat 

Axial Direction 
Tangential Direction 
Free Stream 

Total or Stagnation Conditions 


Relative to Rotor 
Degrees 




dl 


preceding page blank not filmed 

appendices 

A. Fan and Quarter-Stage Aerodynamic Design Point Circumferential-Average 
Flow Solution. 

B. Fan Rotor Blade Plane Section Geometry. 
q m stator 1 Plane Section Geometry. 

D. Quarter-Stage Rotor Plane Section Geometry. 

E. Inner OGV Plane Section Geometry. 

F. Bypass OGV Plane Section Geometry. 
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Appendix A: Fan and Quarter-Stage Aerodynamic Design Point Circumferential 

Average Flow Solution. 
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Appendix C: Stator 1 Plane Section Geometry. 
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Appendix E: Inner OGV Plane Section Geometry. 
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Appendix F: Bypass OGV Plane Section Geometry, 
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